Low-temperature cadmium telluride homoepitaxy at high growth rates J. Appl. Phys. 65, 1932Phys. 65, (1989 At an excess vapor density (supersaturation of about 10-4 ) adjacent to the ice crystal surface of 5-6 X 10-IO glcc, there is a transition between the highly faceted kinetic growth form and the rounded equilibrium form at temperatures above _6°C. At lower temperatures there is a transition in the equilibrium form to hexagonal prisms because of a reduction in the disordered surface layer. The growth rate of ice crystals from the vapor is analyzed by a simple model which accounts for vapor flow and surface processes separately. The conditions for highly temperature sensitive growth are identified from the model.
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I. INTRODUCTION
The variation of ice crystal morphology with temperature has received considerable attention since Nakaya 1 simulated the growth of snow crystals in the laboratory. A great deal has been learned about the physics of crystal growth in the range of temperatures and supersaturations pertinent to the atmosphere; the remarkable changes in growth rates on the basal and prism faces have received the most attention. 2.3 Unfortunately, this work has not provided much information about the growth of snow crystals in the seasonal snow cover simply because the supersaturations within the snow cover are much lower while the temperatures are somewhat higher than of interest in the atmosphere. Also, in the snow cover the most common transition between morphologies is not from columns to plates but from a well-rounded quasiequilibrium form 4 to a highly faceted kinetic growth form (see Figs. 1, 2 and 3) .
The transition between the equilibrium and growth forms is of general interest in crystal studies. For example, Cahn 5 suggested the transition from a nonsingular to a singular surface when a driving force is applied. Burton, Cabrera, and Frank 6 derived an expression for the critical supersaturation for the onset of dislocation-aided growth and Nenow and Dukova 7 investigated the critical supersaturation for the transition from singular to nonsingular surfaces in diphenyl crystals. It has also been observed 8 that singular surfaces on negative naphthalene crystals change to nonsingular surfaces when a critical temperature is surpassed, not because of a transition from the kinetic growth form but rather because of a transition within the equilibrium form. A similar morphological transition has been observed in silicon 9 while surface roughening was deduced by Jackson and Miller IO from observed changes in growth morphology.
In ice it is already known that the basal plane remains plane at temperatures close to the melting point whereas other faces are rounded, II presumably because of surface disorder. These transitions in ice, both within the equilibrium form and between the equilibrium and the kinetic growth forms, are investigated and quantified here.
.) Permanent address.
II. -EXPERIMENTS
The ice crystals were grown in a device similar to Rottner and Vali's? This basically consists oftwo ice plates held at different temperatures while ice crystals grow on a horizontal hair placed midway between them. The temperatures of the ice plates were measured directly using thermocouples and the upper plate was kept warmer than the lower plate so that the heat and vapor flows between them were purely diffusional. The cavity between the plates had a vertical thickness (spacing between the plates) of I cm and a diameter (horizontally) of 10 cm in order to minimize boundary effects. Several crystals were grown simultaneously without any indication that position along the hair affected the results. A few tests were rejected because the crystals did not grow purely in the vertical direction.
Although density at the level of the crystal. The difference arises because in the standard approach the crystal is assumed to grow spherically. Spherical heat and mass flow equations are used to describe the vapor flow to the crystal and the heat flow away from the crystal. Actually in experiments of this type, the crystals grow more or less directly towards the vapor source, the upper ice plate (see Fig. 4 ). All of the latent heat of condensation can be removed by heat conduction through the growing ice crystal itself due to the temperature gradient imposed on it. Thus it is not necessary to consider latent heat removal by heat conduction through the air over the growing surface. The heat flow through the crystal can be determined by analogy with an oblate spheroid in a static electric field aligned with one major axis. Then, representing the crystal on Fig. 4 with an axial ratio of 5 to I, the heat through the crystal from the electrostatic formula 12 is where k; is the thermal conductivity of ice, ka is the thermal conductivity of air including latent heat flow, and T' is the temperature gradient between the ice plates. T' equals ( -Ll T II cm), where Ll T is the temperature difference between the ice plates. In order to remove t,he latent heat of condensation (L ), the heat flow through the ice must be given by
where m is the mass growth rate and a is the area of the crystal in the horizontal plane. Where the rate of increase of length of the crystal is i, if
LlT .
the latent heat can be removed without increasing the temperature on the growth surface of the crystal. Generally in our experiments the left-hand side of this equation is more than an order of magnitude greater than the the right-hand side, thus it appears that the latent heat is removed through the crystal and that there is no temperature increase on the crystal surface as assumed by Rottner and Vali. 3 In fact, there could be a temperature decrease because the ice crystal is much more effective at conducting heat than the air around it. However, it is not possible to completely describe this effect because of the complicated geometry of many of the growing ice crystals.
The vapor density difference at the level of the ice crystal is defined as the prevailing vapor density at that level (as determined by the uniform and steady vapor diffusion between the two ice plates) minus the equilibrium vapor density corresponding to the temperature at that level (as deter-mined by the average temperature of the two ice plates). Because of the mostly steady heat and mass flows, the temperature and vapor density profiles are both linear whereas the profile of equilibrium vapor density V>e) is nonlinear, or (4) where Po is the vapor pressure over a flat ice surface at temperature To and R is the gas constant for water vapor. The vapor density difference at the level of the growing crystal is
where the actual vapor density V» is simply the average of the equilibrium vapor densities at the two ice plates. Accordingly, at the midway level between the two plates,
where Tis the temperature at the level of the crystal and ~ T is the temperature difference between the plates. Fortunately, ~P has a broad maximum in the region of the crystal 3 so that the vapor density difference changes only slightly close to the crystal. The vapor density difference is shown as a function of temperature difference at different temperatures on Fig. 5 . When Eq. (6) is expanded using the Taylor Series for e" we find that ~P is a linear combination of even powers of the temperature difference ~ T. This must be the case since u6 't... otherwise ~P would not be symmetrical with respect to reversing the temperature difference between the plates.
III. EXPERIMENTAL RESULTS
The results of these experiments are presented in Table  I and Fig. 6 . The symbols indicate the degree of faceting on the crystal and if it was hollow or solid.
There are two fairly distinct regions shown on Fig. 6 . For any given temperature, more highly faceted crystals grew at higher vapor density differences. At higher temperatures, these faceted crystals were hollow (Fig. 7 , XII and XVIII) while at lower temperatures (Fig. 7 , XIX) they were flat on one side but displayed much relief on the other. In the lower range of vapor density difference, the crystals were highly rounded at higher temperatures (Fig. 7 , IV and IX) whereas at lower temperatures they were partly (Fig. 7 , XXIV and XX) or completely faceted (Fig. 7, X) . The crystals in the lower range of vapor density differences are apparently the equilibrium forms of the ice crystal which grow below the critical supersaturation necessary to sustain growth by step propagation. Also, there is a clear transition in the equilibrium form itself; the crystals are more faceted at lower temperatures and more rounded at higher temperatures, possibly because of the decreased thickness of the disordered surface layer at lower temperatures. II The crystals in the upper range of saturations are apparently kinetic growth forms. While we have no direct observations of the surface growth processes, clearly the hollow crystals with striations at high temperatures and the crystals with much surface relief at low temperatures cannot be explained by Wulff's theorem. The transition between the faceted growth at higher supersaturations and rounded growth at lower supersaturations is analogous to the transition between the highly faceted and well-rounded crystals which grow in the snow cover (see Figs. 1 and 2) . At higher growth rates as indicated by higher temperature gradients, FIG. 5 . Vapor density difference (.dp) vs temperature difference between the two ice plates (.11 T) for different temperatures. snow recrystallizes with the highly faceted forms replacing the well-rounded forms.13 However, the analogy between these experimental observations and the observations of crystal growth in the snow cover is imperfect. At low growth rates in the snow cover highly spherical particles are observed while at low growth rates in the experiments the particles are mostly flat (IX) or lenticular (IV).
IV. ANALYSIS OF RESULTS
In Fig. 6 the experimental results are shown in the usual way, each data point is plotted at the temperature and vapor density difference (Lip) at the level of growth in the diffusion chamber. This method of presentation can be misleading if the growth rate is controlled by surface kinetic processes rather than vapor diffusion. That is, ifthe crystal growth rate were controlled by vapor diffusion alone then Fig. 6 would give a complete account of the growth conditions. However, ice crystal growth rates vary markedly with temperature at a constant supersaturation 14 thus vapor diffusion alone does not control the growth rate and morphology.
We assume that a growing ice crystal has an excess vapor density (P') or supersaturation immediately adjacent to its surface. This assumption is not new. For example, it is a consequence of the assumption made by Burton, Cabrera, and ., ...
., 
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and p' is that.tlp drives the vapor toward the growing crystal whereas p', being adjacent to the crystal surface, actually controls the growth. Of course.tlp and p' interact. Given an excess vapor density over the surface, the mass growth rate of the crystal is approximated from the continuity by
where D is the diffusion coefficient of water vapor in air, and C is the electrostatic capacitance of the growing crystal. This is identical to the usual equation for crystal growth in the atmospherel 5 except that the excess vapor density immediately adjacent to the crystal surface (P') can decrease the growth rate. This excess vapor density could significantly reduce the vapor diffusion to the crystal unless .tlp is much greater thanp'. Equation (7) describes the mass flow and the heat extraction is through the crystal itself, but the role of surface kinetics must yet be introduced. We assume that the mass growth rate (m) increases as the crystal surface area (A) and, as suggested by Burton, Cabrera, and Frank 6 for low supersaturations, we use a quadratic dependence on supersaturation. Accordingly,
where C is a constant and T (T), as found experimentally, is shown on Fig. 8 . From experiment X, the constant C is 3.64 X 1010 IT ( -8.8°). The crystal growth rate can be very strongly temperature dependent when diffusional limitations are small. This strong temperature dependence cannot be explained by the effects of temperature on phase equilibrium and vapor diffusion but rather it is inherent in the surface
.c; kinetics as observed by Lamb and Hobbs l4 and discussed in Refs. 2 and 11. According to Eq. (7), p' must be about equal to .tlp if there is a large temperature effect on growth rate since neither D nor.tlp are strongly dependent on temperature. Combining Eqs. (7) and (8), the excess vapor density immediately adjacent to the crystal surface is
where fJ is a measure of the relative importance of surface kinetics versus vapor flux and is defined as
(10)
The mass growth rate is
If there is no limitation placed on the growth rate by surface kinetics, the excess vapor density adjacent to the crystal surface is zero and by Eq. (7), the growth rate reaches the maximum possible value (41TC D .tlp) allowed by the diffusion of vapor to the growing crystal. If the surface kinetics and the diffusion of vapor place equal restrictions on the growth rate (P'!.tlp equals 0.5 on Fig. 9 ), the growth rate achieves one-half of the maximum possible value. If all of the restriction is in the surface kinetics, p' equals .tlp and the growth ceases. Where crystal growth varies with temperature, the surface kinetics must playa large role in controlling the growth rate. Under these conditions the excess vapor density adjacent to the growing surface (P') must be nearly as large as the vapor density difference (.tlp) driving vapor towards the surface. Figure 9 shows a rapid change in the mass growth rate at values of fJ.tlp up to about two. Thus, fJ.tlp would have to fall between 0 and 2 in order to account for a large temperature effect on growth rate.
The results shown in Fig. 6 are replotted in Fig. lOusing the excess vapor density adjacent to the crystal surface, i.e., p' from Eq. (9), instead of the vapor density difference at the level of the crystal, i.e.,.tlp from Eq. (6). There is still a fairly sharp division between the highly faceted kinetic growth (9) and (II) plotted in dimensionless form. At ratios of p'l ,J.p above O. 5 the growth rate is greatly reduced by kinetic restrictions on the growing surface whereas at ratios lower than 0.5 vapor diffusion is more restrictive than surface kinetics. mm., is the maximum possible growth rate, 41T CD ,J.p, which itself decreases with vapor diffusion. form at higher supersaturations and the more rounded equilibrium form at lower supersaturations although a few data points have moved across the line relative to their locations on Fig. 6 . As before, the equilibrium forms are more faceted at lower temperatures where the disordered surface layer is thinner. The critical supersaturation for the onset of kinetic growth increases only slightly with temperature as suggested by Burton, Cabrera, and Frank. 6 While it is difficult to check quantitatively the critical supersaturation formalae of either Burton, Cabrera, and Frank 6 or Hirth and Pound 16 because of the required parameters, both appear to fall within an order of magnitude of the transition shown in Fig. 10 .
In our experiments p' is less than one-half of .dp lj3.dp is as high as 6(0) so no large variation in growth rate with temperature should be expected. Checking a few of the results shows that this is true. In Lamb and Scott's2 experiments, on the other hand, /3.dp is less than 10-3 so a large variation should be expected and, of course, was observed. This dependence on/3.dp suggests that temperature sensitivity may occur initially when the crystals are small but then decrease as their size increases.
v. CONCLUSIONS
The temperatures, vapor densities at the level of the crystals, and supersaturations adjacent to the crystal surfaces must be calculated from models of the heat and mass flows and surface kinetics. Nevertheless, certain features of these experimental results are independent of our interpretation. There is a transition to the highly faceted kinetic growth form at higher growth rates. A well-rounded form occurs at lower growth rates and at temperatures above -6 ·C; at lower temperatures the equilibrium form is more faceted. At lower temperatures the equilibrium form is a hexagonal prism as suggested by axial ratio was about one-half of the suggested value. At higher temperatures in the equilibrium form the basal face can remain flat although this was not always the case. In general, these results confirm and quantify the earlier work reported in Refs. 5-11. Also, the transition from a nonsingular to a singular morphology with increasing growth rate observed in the snow cover 13 has been simulated although the crystals in the snow cover appears more highly rounded than observed here.
The experimental data are interpreted in two ways. First, the vapor density difference at the level of the growing crystal is calculated assuming that all of the heat extraction is vertically through the crystal. These calculated values are somewhat lower than what would be calculated assuming spherical heat removal by conduction through the surrounding air. Second, the excess vapor density immediately adjacent to the crystal surface is calculated from a simple model which separates vapor flow and surface processes. When analyzed in this way (Fig. 10) , the critical supersaturation for the onset of kinetic growth increases only slightly with temperature.
This approach accounts for the large variation in crystal growth rate with temperature seen by Lamb and Hobbs 14 but not seen in the present experiments. As shown in Fig. 9 , the crystal growth rate and supersaturation change rapidly over a narrow range of values of/3.dp. The growth rate can be greatly affected by temperature only if /3.dp falls within the range zero to two.
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